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1.0 EXECUTIVE SUMMARY

Extruded double-base (EDB) propdlant rocket motors are used to prope conventiona munitions
fromavaidy dof tri-service platforms. Nitrogycerin (NG) emissions are generated during propellant
aneding operations from the EDB rocket-motor manufacturing plant at the Nava Surface Warfare
Center, Indian Head Division (IHD). Conventiona technologes have been deemed unacceptable
for contrallingN G emissions dueto the inherent hazards associated with the explosive-laden vapors.
The objective of this Environmenta Security Technology Certification Progam (ESTCP)
darondraion was to show that air-phase photocataytic oxidation is aviable treatment technology
for the destruction of NG ar emissions.

Photocatadytic oxidation is alow-temperature, destructive process that uses ultraviolet (UV) light
and a titanium dioxide (TiO,) semiconductor photocatay st to generate highly reactive species for
destrudtion of organic molecules. Inthe case of NG, thereaction products are H,O, CO,, and NOXx.
A ful-sde (650-scfm) photocatalytic pollution control unit (PPCU) was designed and built by the
University of Centra Floridas Florida Solar Energy Center (FSEC) for demonstration under this
ESTCP project. The PPCU consisted of two modules, each containing 32 low-pressure mercury
lamps (LPM Ls), connected in pardldl. The PPCU was designed to remove 10 ppmv of NG in air
a adestrudion removd efficiency (DRE) of 99.5%. The PPCU was instdled a the IHD's annedling
oven and tested using a combination of simulated and actua production operations. The
demonstration consisted of 200 hours of testing and three trids totaling 250 hours of operation
between July and October 1998.

Phatocatalytic oxidation worked but the performance objectives were not met. At the design flow
rate of 650 scfm, the PPCU was unable to remove 10 ppmv NG from an air stream that dso
contained lesser amounts of inert plasticizers. When chalenged with low NG inlet concentrations
(0.7 ppmv or less) and operated a haf the design flow rate (324 scfm), the PPCU was ableto
maintain aDRE of 96% or greater.

Trojan Technologes, Inc., FSEC's industrid partner for the fabrication of the 650-scfm PPCU,
provided an equipment cost estimate of $368,000 ($608,000 instaled). Thetota annud operating
cost was estimated to be $935,000 per year. This is equivaent to $3 per pound of propdlant
annedled or $14,652 per pound of NG destroyed. Approximatey 95% of the operating cost was
dregly rdaed to replacingthe cataly st cartridge, which would be necessary at the begnning of each
annedling oven cycledueto catdy st fouling.

The high operating cost for photocataytic oxidation a the performance level observed duringthe
demonstraion compared to estimates of $49-70 per pound of NG destroyed by dternative
technologes of carbon absorption or incineration, which have safety concerns. However, it is
unlikely that the operating cost of photocataytic oxidation could be reduced to a comparable low
level by increasingthe catayst cartridge life.

The advantages of air-phase photocataytic oxidation are very gppeding, and the 650-scfm PPCU
had many desirable features such as a modular design, low pressure drop, uniform catayst
illumination, and sanitary stainless sted construction. The unit was easy to operate, and had no
problems operating intermittently. Excluding cataly st replacement, no maintenance was required
on thePPCU during this demonstration. However, the technology will not be cost-competitive until
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an dfetive solution to the cataly st fouling problem is developed. Then the high capita cost would
be less important.

In its current configuration, photocataytic oxidation is not an economica solution to the Navy's
prablem. It did not meet the performance requirements for usein the IHD anneding oven facility .
Thetedhndogy has potentia gpplications only assuming the unit can be optimized and the cataly st
life can be extended. A water scrubber/agueous phase photocatadytic oxidation sy stem has been
selected over ar-phase photocataytic oxidation for usein the new P-149 anneding oven military
construction (M ILCON) fecility a IHD.



2.0 TECHNOLOGY DESCRIPTION
21 BACKGROUND

In the early 1990s, IHD was faced with the requirement to reduce the emissions of NG from its
production processes, and began investigating potentia solutions to the chalenge. One of the
advanced oxidation technologes (AOTS) of interest to the Navy and Army for the treatment of air
streams contaminated with nitrate esters was UV oxidation. The use of a photocatayst in UV
oxdetion processes was being researched as amethod to reduce operating costs by providingin situ
oddants. At thettime, the mgjority of research in photocataytic oxidation was in the aqueous phase.
Thedhalenge faced was to develop an air-phase AOT process to destroy the NG stack emissions.

IHD funded FSEC, which resulted in aviability demonstration of air phase photocataysis and the
devdopment of a5-scfm process development unit (PDU). The mgority of this work focused on
the Army's triple-base manufacturing process, specificdly the NG in air emissions from the forced
ar dryer (FAD).

Thegpproachforthe EST CP project in 1995 was to validate a scaed-up 50-scfm PDU at FSEC, and
then to build a650-scfm full-scade PPCU sy stem for demonstration a two DoD sites. Additiona
details regarding the 50-scfm PDU can be found in the EST CP demonstration plan [1]. Thefirst
full-scade demonstration was conducted a IHD, focusing on the annealing oven process. A
Ubsauat demonstration was dso planned at the Radford Army Ammunition Plant (RAAP). The
project considered two full-scae designs:

@ Zentox Corporation had developed a prototy pe photocatdytic oxidation reactor and was
prepared to test it a IHD. TheZentox reactor sacrifices uniform catay st illumination to
increase the catalytic surface area, achieve asmdl foot print, and provide for easy catdyst
access.

(2 A new “baffldess” FSEC design. The FSEC reactor is configured to provided uniform
cataly st illumination.

Live tests were conducted a IHD during the summer of 1997, and both reactors performed
aomparably achieving 97-98 % DRE's. Thetwo designs had many similarities and each excelled in
different areas. The Zentox test results were presented at the Eighth International Symposium on
Chemicd Oxidation [2]. The FSEC results may befound in the FSEC find report [3]. The decision
was made to complete the project usingthe new FSEC reactor design.

22 THEORY

Photocataytic oxidation of organic molecules is a heterogeneous process that uses UV light and a
titanium dioxide (TiO,) semiconductor photocatalysts to generate highly reactive species in situ.
These highly reactive species oxidize the organic molecules that adsorb onto the TiO, catayst
sufae Thenature of the photochemical and photophysical events that occur a the surfaceis quite
aomplicated dthough it is clear that, before photooxidation can occur, the target contaminant must
adsorb onto the surface of the catayst. Thetheory asit relates to the destruction of NG is detailed
intheFECfind report [3]. A detalled description of photocataytic oxidation of organic compounds
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has been prepared by Serpone [4]. Any compound (e.g water) that absorbs the UV radiation or
prevents thetarget contaminant from contactingthe catay st will result in decreased performance.
Rdativdy sdl changes in waste stream composition can result in dramatic changes in performance.

Theprocess by which organic contaminants are destroy ed via heterogeneous photocatay sis can be
described in seven steps, which occur simultaneously :

. Catdy st photoactivation

Generation of activeradicals on the surface of the photocatay st

Diffusion of the organic compounds through the bulk medium to the catay st surface
Adsorption of the compounds onto the catay st surface

Reaction of the compounds with reactive radicals

Desorption of thereaction products from the cataly st surface

Diffusion of the reaction products into the bulk media.

Although it seems to differ for each compound, thereis apoint a which increasing the irradiance
by movingthelight closer to the cataly st reduces the efficiency of the reactor.

It isgnaally believed that the hydroxy| radica, oOH, is the mgor oxidizing species involved in the
oxidation of organic contaminants. Hydroxy| radicas rapidly attack virtualy every organic
contaminant, and in the presence of oxy gen this initiates acomplex cascade of oxidative reactions
leedng toward complete oxidation and minerdization to CO,, H,O, and N2 [5]. Asthe number of
contaminants in the influent stream increases, the probability of or minerdization decresses,
dthough not required for a successful application of photocataytic oxidation. However, he effects
of thereettion products on the reaction rate and effluent composition must be evauated. According
toRassi et. d. [3], the mass transfer to and from the catdy st surface limits the process efficiency .
A ddaladtrestment of adsorption and desorption in photocataytic oxidation is presented by Pichat
and Herrmann [6].

23 ADVANTAGES

Thaeaemay paatia advantages of aphotocataytic oxidation sy stem over other possible choices
for treating airborne NG emissions are shown in thefollowinglist. The advantages that were not
redized during this demonstration are marked with an asterisk.

It destroys the pollutants and produces minimal by products.

It achieves high efficiencies for dilute streams (95% plus).

It is flameless and operates a relatively low temperatures (30-55°C).

It can selectively destroy NG in mixed streams (e.g. acetone, ethanol, NG).*
It creates oxidants in situ so there are no additional chemicals required.
Electricity istheonly required input.*

Operating costs are low.*

The pressure drop through the unit is low.

It is easy to operate and maintain.

It can be operated intermittently.



24  ALTERNATIVETECHNOLOGIES

A review of the remainingtrestment aternatives for vapor phase NG yielded four possibilities [7].
Thesefour technologes are thermd treatment (direct flame or incineration), absorption (scrubbing),
hidfiltration, and adsorption (activated carbon). The recommended abatement technologes for the
IHD amedingoven were incineration or water scrubbing (absorption) in combination with activated
carbon (adsorption) treatment of the wastewater.

Althouchinaneration is aproven technology for the destruction of VOCs, there are safety concerns
pertaining to the incineration of explosive compounds [8]. Incineration is generdly applied to
heavily laden VOC steams, and ty picaly achieves a99% DRE. Although there are many different
incinerator designs, they can be broadly classified as thermd systems and catdytic systems.
Cadytic systems employ abed of noble metd catalyst that increases the reaction rate and enables
aonvasion at lower reaction temperatures (150 to 500 °C) than in athermd incinerator. In generd,
atradeoff exists between the higher operating cost of therma incinerators and the higher capita cost
of catadyticincinerators [9]. Hesat recovery can be employed to improve the economics and lower
thegpedingaods. Catalytic incinerators are not tolerant of wide variations in theinlet compaosition
dthough much more so than photocataytic oxidation units. Foulingis anissue. Catdystsusedin
incinerators are more expensive than the TiO, used in photocataytic oxidation sy stems.

In 1998, a catalytic solvent vapor incinerator was instaled a IHD's Nitramine Propélant M ixing
fadlity. This systemis cgpable of handlingair streams with as much as 10 ppmv of NG. Thetotad
direct cost for the incinerator was $1.2 million. It is expected to come online in FY 00. No
operating datawere available a the time of this report.

Wae srubbers arety picaly inexpensive but only remove, and not destroy, the NG. They would
require alarge amount of water, and would require trestment of both the wastewater and the spent
carbon. The DRE is 55% to 95% depending on the solubility of the compound being removed.
Pressre dropss through these sy stems tend to be high. Water scrubbers can operate intermittently,
but startup and shutdown tend to be complex. These systems have reatively high maintenance
requirements and can require significant operator interface while running. Water sy stems must be
designed to prevent the NG from condensing, collecting, and, most importantly, freezing. Two
variations of water scrubbing are: (1) adding chemicals to the water (either acid or caustic) or (2)
recydingthewater through an aqueous phase photocatdytic sy stem. Both gpproaches eiminate the
carbon and reduce the water consumption. The use of an agueous phase photocatalytic oxidation
sy stem increases the capita equipment cost but diminates the chemica handling and wastewater
issues.

Bidfiltration is an inexpensive and safe process gpplicable to many large-scale dilute VOC problems.
It is effective at treating nitrogen-containing compounds and has been proven to handle explosive
material such as acrylonitrile. Theonly costs arefor the disposal of excess, inert biomass and the
dadriaty for the pump. Typicaly, DRES are 90%. T hese sy stems suffer from al of the challenges
fadng awat er-scrubbing sy stem in addition to those rdlated to maintaining amicrobia community .
They are not tolerant of large changes in inlet concentrations and are not suitable for intermittent
operation.



Direct treastment of the annedling oven effluent using carbon adsorption was not recommended due
to the danger of condensation and accumulation of NG in the system beds. Due to the
incompatibility of NG with activated carbon and the potentia to collect large quantities of NG inside
the treatment vessd, the U.S. Army, the U.S. Navy and, asfar asis known, the entire explosive
community  has discounted carbon adsorption as aviable treatment aternative for vapor phase NG
[10]. However, carbon adsorption is being successfully used in aproduction setting at the Schering
Cop. of Miami Lekes, Floridato trest NG emissions from its pharmaceutical manufacturing process.
Accordingto the 1997 toxic release inventory their system had a95% DRE [11].



3.0 DEMONSTRATION DESIGN
31 PERFORMANCE OBJECTIVES

The dgettivedf theG50-scfm PPCU demonstration was to demonstrate that photocataytic oxidation
is a viable treatment technology for the reduction of NG air emissions generated from propelant
processngoperations. A full-scale prototy pe was designed and tested at the existing IHD annealing
ovenfadlity. The 650 scfm PPCU design parameters were developed from the requirements for the
new P-149 annedling oven military construction (M ILCON) project a& NSWC, IHD which are
gamila to the existingovens. The PPCU would be considered acceptableif it could reduce in asafe
and e;nomica manner the NG concentration of the anneding oven exhaust, contaning a maximum
NG conaatretion of 10 ppmv and minor amounts of inert plasticizers, by 99% when flowing at 650
sdfm Theaswasto the following questions were sought in the attempt to vaidate this technology:

What is the maximum sustainable DRE?

How do inert plasticizers found in typica EDB propdlant affect performance?

How long do catay st cartridges last before breakthrough occurs?

How muchNOX is generated during trestment? Will this technology require NOXx trestment?
Can the PPCU be operated intermittently ?

. Is the PPCU easy to maintain?

. Is the PPCU an economically feasible solution to the Navy's problem of NG emissions?

3.2 DEMONSTRATION SITE/FACILITY BACKGROUND & CHARACTERISTICS

IHD has the capability to manufacture avast array of propdlant and explosive products, many of
which contain NG as a mgor ingredient. IHD has the potentia to emit NG vapors from over 90
dfferat sourcesin 82 buildings. The solventless extrusion process used to manufacture EDB rocket
motors acoountsfor alarge number of these sites. Theinitid steps in the manufacture of EDB rocket
motors are completed & RAAP. The propdlant is delivered to IHD in the form of thin,
0.0%-ind+thick by 4-inch-wide sheet stock strips that arerolled into 15-inch-diameter “ carpet rolls”.
Extrusion and machining to final form at IHD produces rocket motor grains from 0.3 to 12 inches
indargea. Duringthe extrusion process, stress concentrations are induced in the grains, which are
relieved in anneding ovens. Findly, end inhibitors are applied.

Of all the 90 NG emitting sources, IHD has determined that the annealing ovens used in the
manufacture of EDB rocket motors are the worst. IHD is presently in violation of the Code of
M aryland Regulations 26.11.15: “Toxic Air Pollutants (TAPs).” The 1998 M DE Toxic Air
Pallutart Screening Level Database states that the 8-hour screeningleve for NG is 4.6 ugm3. IHD
has been unable to demonstrate compliance with the TAPs regulation for NG emissions sincethe
fird arbietimpact andysis (AIA) was reported to M DE in 1991. Under the supervision of M DE,
IHD hesbemn aggressively pursuing compliance with state regulations since 1992. M DE recognizes
thet the inherent danger of NG prevents the use of off-the-shelf pollution control equipment. This
ey conaan has been instrumental in the M DE's decision not to takeregulatory action against the
fadlity to date. Until compliance can be demonstrated, M DE will no longer approve any “ Permits
to Construct” or regstration updates that include NG emissions.



Thesolvatless extrusion production plant isthe only Navy facility of thistypeand is classified as
mission critical. M any of theitems produced in this facility support triservice DoD requirements
and foreign military sales. Thereare currently two anneding oven facilities a IHD, Buildings 579
and 871, which will both be replaced once the new M ILCON annedling oven project is complete.
Buldngs 579 and 871 arelocated gpproximately 800 feet and 50 feet, respectively, from the fence
line. Ther proximity to thefencelineis asignificant factor in IHD's inability to comply with the
state regulations. Building 871, pictured in Figure 1, consists of 20 ovens.

F|el Annedli ng Oven Fadi lity at Building 871.

IHD hesbemndesignated as amobilization production facility for the M k 90 propélant grain and the
Mk 22rocket motor by the Army Industrid Operations Command. IHD is currently permitted to
process annualy more than 6 million pounds of double-base propédlant, and did not require any
additiona permits or approvas for this demonstration.

3.3 PHYSICAL SETUP AND OPERATION

To ensure that the full-scae unit would be industridly robust and commercidly available, FSEC
subcontracted the fabrication of the unit to Trojan Technologes, Inc., a Canadian company that
menufattures UV water treetment sy stems and was interested in developing acommercia presence
in the air-phase photocataytic oxidation market.

ThePPCU was instdled at the existing IHD annealing oven facility located at building871. Figure
2 shows the layout of the equipment. The PPCU was instaled on atemporary 12 by 16-foot
plywood pletfom A tarporay 50-foot poly propylene duct sy stem was instaled to connect the unit
to the anneding oven. In apermanent instalation, ameta duct would be required.
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Figure 2. Equipment Layout.

FSEC designed the 650 scfm PPCU to remove 99.5% of the NG released from an annedling oven
having a flow rate of 650 scfm and containing a maximum concentration of 10 ppmv NG. The
PPCU was designed to be easy to instdl, operate, control, and maintain. Addingthe PPCU had no
efet onthe annedling process. The PPCU, pictured in Figure 3, was composed of two stand-aone
modules, an integrated thermal management sy stem, apower distribution center (PDC), asystem
aontral aanter (SCC) and four externa cooling fans. The PPCU modules were made of 316 stainless
sted welded construction. The modules were connected in parald via externd 6-inch-diameter
piping located on the ends of the unit. The control system for the PPCU was based on the Trojan
Technologies UV 3000 water treatment system. All the eectrica components were standard
off-theshdf items. The PPCU operated off asinge 208-volt, three-phase power input that was fed
to the PDC. Thetotd eectricd power requirement was 19 kVA. The PDC dso housed the
communication board that controlled and monitored the lamps. All communications to and from the
PDC orignated from the SCC via an RS 422 serid link. The operator controlled the sy stem by
interfacing the SCC via loca or remote terminas. Loca operator interface was accomplished via
a menu-driven workstation that included a LCD display and two keyboards. The system was
password protected and was fitted with ameter to record the cumulative hours of operation.

Each moduledf the PPCU was made up of two banks of low-pressure mercury lamps (LPM Ls), and
eech bark contained 16 LPM Ls. Thetota number of LPM Ls in the unit was 64. The LPM Ls emit
essatidly monochromatic light havingawaveength of 253.7 nm. Lamps were accessed viathetop
of eecdh module through a non-contact air-cooling compartment. The eectrica connections for each
lanp were housed in this compartment. Thelamp bdlasts were located opposite the entrance and
were housed in duminum ballast boxes. The cooling compartment was separated from the
contaminated fluid by an outer quartz sleeve, which resembled alarge test tube and enclosed the
lanps Thedeaves were made of ty pe 214 clear fused quartz circular tubing and were rated for 89%
UV transmission.



Figure 3. 650-scfm PPCU (Inlet Manifold Removed).

The PPCU used ambient air to cool the lamps. Thermocouple sensors measured the exhaust cooling
ar temperature and automaticaly began the airflow when the temperature reached the desired set
part. The cooling air was directed into each quartz sleeveviaaquartz dip tube, which extended to
the middle of each lamp. Cooling air was supplied by four 1-hp cooling fans (one per bank, as
shown in Figure 3) to amanifold located in the cooling compartment, and was distributed to each
lamp via plastic tubing. The length of each tube was sized to promote uniform air flow. Theair
edted viathe annulus created by the lamps and the protective quartz sleeve, and then through vents
located in the side of the cooling air compartment.

Thecatdys wasdgposited on the inner surface of acylindrica cotton fabric support. These cataly st
catridges, or socks, had anomina catayst loading of 1.8 mglcm?. The catayst used in the PPCU
was Uniti 908, manufactured by Kemira, Inc. The catayst loading varied by less than 10% aong
stocking length. The socks were placed around the outer quartz sleeve so that the TiO, catay st
received auniformirradiance. Theilluminated surface areaper sock was 5,252 e per sock. The
separation distance between the lamp, and the catayst surface, which is critica for optima
destruction, was fixed by the geometry of the unit.

The catay st socks were secured to the unit with plastic cableties. Plastic ties were selected over
metal clamps to diminate metd pinch points. Thetop of the catayst cartridge attached to a
bulkheed, through the center of which passed the LPM Ls and quartz sleeves. The bulkhead forced
the gas to pass through theilluminated catadyst cartridge. Contaminated gas was prevented from
enteingthecodingacompartment by two O-ring seds on the outside of the quartz tubes. The bottom
of each sock was atached to anipple a the bottom of the bank. The contaminated air was
ddtributed toeach sock viaa plenum located beneath the banks. The plenum was fitted with Teflon
dran plugstodlow for cleaning. Access to the catdy st cartridges was provided by side access doors
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Figure 4. Interior of 650-scfm PPCU Module (Lights“On” and No “ Socks”).

as shown in Figure 4. Each door housed a neoprene gasket, which sealed the unit, and contained a
view port to enable visua inspection of the unit during operation.

bl

Figure 5. Cross Section of 650-scfm PPCU.

The PPCU could be operated in @ther a forced flow or an induced flow configuration. The
aosssection of onemoduleis shown in Figure 5. As the contaminated flow entered the externdly
located inlet manifold, it split, and half was directed to each module. Once the flow reached a
module it etered aplenum at the bottom of thefirst bank or “Bank A.” The contaminated ges split
into 16greams as it flowed up and out of the plenum. The contaminated gas is indicated as “ Inlet”
in Figure 5. The contaminated gas traveled into the irradiated annulus between the outer quartz
deaveadthe cataly st support or sock. The gas was forced through the cataly st cartridge, ensuring
intimete contact between the contaminant and the activated catayst. Thelargest portion of the NG
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was removed in this first stage. The partidly treated gas recombined in Bank A and exited viaa
6-inch-diameter exit port located above the entrance port near thetop of the unit. The ges flowed
to the inlet of the second bank or Bank B viaexterna conduit. The partidly treated gasis labeled
as “OnePass’ in Figure 5. Because the banks of each module were identica, the contaminated air
flowed into the bottom plenum and through Bank B in the same manner as previously described.
The exhaust from Bank B of each module was combined into one stack and emitted into the
atmosphere.

M antenance for the PPCU was easily accomplished and could be performed by the existingwork
force. Handling the quartz sleeves, LPM Ls, and catay st cartridges required the use of goves to
prevent contamination from body oils that could damage theseitems. The most complicated part
of the PPCU was the control system. If aproblem arose on the control pand that could not be
idartified by the in-house dectronic technicians, amodem alowed the manufacturer to troubleshoot
the sy stem remotely.

The pressure drop through the PPCU was measured to beless than 1 inch water gauge. With an
auxiliary fan, a maximum flow rate of 498 acfm was achieved. The PPCU and the externd piping
were insulated with 1 inch of fibergass insulation to prevent NG from condensing on the interior
walls.

Operating the PPCU required one day of hands-on trainingto learn the menu commands.
34 SAMPLING AND MONITORING PROCEDURES

Thedaaadleted to evauate the performance of the PPCU wereinlet NG concentration, outlet NG
aonagtration, flow rate, ambient conditions, and oven temperature. Outlet NOx concentration and
cooling ar exit temperature measurements were also made.

Inlet and outlet gas samples were taken simultaneously. Smultaneous sampling minimized errors
associated with changng NG concentrations and alowed for direct comparison of inlet and outlet
samples. The Occupationd Safety and Hedth Administration (OSHA) M ethod 43 with minor
modfications was followed for sample collection [1] [12]. NG sample ports werelocated closeto
theinlet and outlet of the PPCU in the verticd sections of duct. Sampletubes were located on the
canterline and sized to ensure samplingwas isokinetic. The ports were positioned to ensure there
was eight pipe diameters of straight pipe before the sample port and two after them. Sandard
sorbent tubes as described in the method were used to collect the outlet samples and larger custom
sorbent tubes were used to collect the inlet samples. Samples were initidly taken a 30-minute
intervas, but this was increased to 60 minutes after thefirst test.

A pitot tube was used to determinethe flow rateinto the PPCU in thelong portion of ductwork
comnedting the stack and theinlet manifold. Differentia pressure readings were taken with each set
of NG samples. An oil-filled manometer was initidly used to measure differentia pressure, but it
was eventudly replaced with amore stable M agnehelic gauge.

Ambiat conditionswere monitored by an automated weether sy stem located approximately one-half

milefromthe test site. The oven temperature and annealing time were collected by the oven control
system.
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NOx measurements were taken from the exhaust stack of the auxiliary blower with apre-cdibrated
AP M odd 200A Chamlluminescent NOx andy zer with arange of 50 to 1,000 ppbv. Theair sample
wasdluted with ultra-purearr. Adjusting the dilution gas flow rate regulated the dilution rate. The
flow ratesof the dilution gas and the sample were measured using rotameters. A basdline was taken
hdf an hour prior to loading the oven with propédlant. Flow rate and NOXx readings were manualy
recorded every 15 minutes throughout each test.

The lamp cooling exit air was measured using thermocouples mounted on the PPCU. These
thermocouples were dso used to control the cooling fans. Temperature measurements were
manually recorded with each set of NG samples.

The tota residua NG on the socks was estimated from three 4-in” samples taken alongthe length
(top, mddle and bottom) of the used socks. However, this origna method to estimate the amount
of resdud NG ramaining on the socks was flawed due to the wrong assumption that the residual NG
was unformly dispersed on the surface of the sock. Analy ses were made during the second test on
whole socks to provide more accurate estimations of residual NG (see section 4.5).

35 ANALYTICAL PROCEDURES

The concentration of NG entering and exitingthe PPCU was measured using OSHA M ethod 43,
which evploy s high-pressure liquid chromatography (HPLC) using either atherma energy detector
or an UV detector. A similar HPLC procedure aso was used to evauate theresidua NG on the
socks. Samples were soaked in acetonitrile for 24 hours, and then the extract was analyzed using
IHD lab procedure 3330.6, “Andyticd Method for the Determination of Nitrate Esters in
Wastewater.” Thelimit of detection for this method is 0.00025 mgNG per in® of sock.
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4.0 PERFORMANCE ASSESSMENT
41  TEST MATRIX

Propdlant formulations were selected to ensure that the PPCU influent contained dl of thevolatile
ingedents that are regularly emitted during an annealing operation & IHD. A selective destruction
tes was not included in the demonstration because the EDB manufacturing process is solventless.
Thetes matrix, shown in Table 1, was designed to increase the chalenge to the PPCU as thetesting
progessed. The origna demonstration plan [1] included arepest of thefirst test usingonly one
modue Theremainingtests wereto be completed usingthe appropriate number of modules based
ontheresults of thefirst two tests. However, al singe module tests were canceled after reviewing
the datafrom Test One.

Origndly, dl thetests wereto be conducted using sheet stock propélant. Thetests were arranged
S0 theinat plegtiazer content of the propdlant went up as the NG content decreased. Test Onewas
designed tognaae the maximum NG vapor and test the upper design limits of the 650 PPCU. Test
One was conducted using sheet stock propellant. Laboratory testing conducted prior to the
daronstration indicated that the photocataytic destruction rate of NG is significantly inhibited in
the presence of diethylphthdate, an inert plasticizer used in double-base propdlant [3]. Poor
pafomance during Test One necessitated evauation in the subsequent tests of the performance of
theuwnit at the lower end of the design envelope. Actua production rocket motor billets were used
for the subsequent tests to reduce the NG concentration of the PPCU influent.

Mk 22rodke motar units were used for Test Two. These had asignificantly lower surface areathan
theshedt g0dk, they were made of N5 propédlant, which has the lowest NG content of the proposed
propdlants, andtheanneding temperature was low. The only drawback to usingthe M k 22 was that
it had the highest inert plasticizer content of the three propéellants used in the demonstration.

Table 1. Test Matrix for 650-scfm PPCU.

Test Oven charge Oven Flow rate Duration No. of Predicted
No. | Propdlant form temp. CF) (scfm) (hr) modules DRE (%)
1 HEN12 Sheet stock 165 416 10 2 100
2 N5 Grain sheet stock 143 324 22 2 100
3 AAG Grain sheet stock 150 325 168 2 100

42  TEST ONE

Thefirst test was designed to mimic the laboratory tests as closely as possible and test the upper
design limits of the 650 PPCU. Theinert plasticizer content was minimized and NG content was
maximized. This was accomplished by operating the annealing oven a the maximum alowable
temperature, using sheet stock propelant to maximize the exposed propdlant surface area and
selecting HEN 12 propdlant. HEN 12 propélant has the highest NG content and lowest inert
plegtiazer of any propélant currently used in production a IHD. The dataare summarized in Table
2. The PPCU was unable to maintain a 99% DRE throughout the test. The DRE declined
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throughout the test to afind vaue of only 6%. The scatter in the data is large; however, the
pafomance trend is downward. No inert plasticizer was detected entering the unit, however tests
at FSEC on aused sock reveded inert plasticizer on the cataytic sock.

The three most likely causes of the poor performancein Test Oneare: (1) poor lamp cooling due
to high ambient temperatures, which would reduce the output of the UV lamps; (2) contaminant
ovaloeding (3) non-uniform contaminant deposition, which would preclude optimum performance;
and (4) inert plasticizer loading. The photograph in Figure 6 shows that the contaminants were
prdeatidly dgnbuted to the socks farthest fromtheinlet. FSEC bdieved that theinert plasticizer,
d-npropyladipate, was dso responsiblefor aperformance reduction. They estimated that 21 mg
of inert plasticizer was retained on the used sock they anay zed.

Table 2. Test One Data.

Stack Flow NG Inlet NG Outlet NOx Outlet
Sample Sample Temp Rate NG Concentration Concentration Concentration
Number Start Time *F acfm DRE % ppmv ppmv ppmv
1001 7/24/989:16 | 156 496 100% 2.206 0.000 8.223
1002 7/24/98 9:45 160 498 99% 3.913 0.027 16.262
1003 7/24/98 10:29 162 487 76% 4.783 1.146 10.288
1004 7/24/98 11:01 157 491 67% 5.820 1.894 30.866
1005 7/24/98 11:40 163 491 27% 6.534 4.766 24937
1006 7/24/98 12:32 165 497 51% 8.352 4.053 16.898
1007 7/24/98 13:00 165 483 56% 8.478 3.725 12.257
1008 7/24/98 13:33 163 471 75% 8.536 2112 9.272
1009 7/24/98 14:05 166 469 67% 9.950 3.290 7.889
1010 7/24/98 14:30 166 472 58% 10.620 4.483 7.176
1011 7/24/98 15:00 166 478 41% 10.348 6.125 5.467
1012 7/24/98 15:30 166 478 37% 9.994 6.249 4.825
1013 7/24/98 16:00 165 483 10% 8.223 7.399 4.439
1014 7/24/98 16:27 165 489 44% 9.306 5.206 2.600
1015 7/24/98 17:00 165 489 57% 8.491 3.643 2.248
1016 7/24/98 17:34 164 494 36% 10.854 6.959 2.333
1017 7/24/98 18:07 164 497 35% 10.584 6.896 2.333
1018 7/24/98 18:45 164 497 6% 9.964 9.372 2294
Average
(Starting at
Sarple1007) | 165 483 43% 9.612 5.455 5.261
Max 166 497 75% 10.854 9.372 12.257
Min 163 469 6% 8.223 2.112 2.248
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Figure 6. Interior of Used Catalytic Socks.

The mass balance in Table 3 accounts for nearly dl of the NG. The masses of each stream are
etimates and were caculated by splittingthetest into two sections. Thefirst section or transient
sation was composed of samples 1001 through 1006, and the second, or steady state, section was
composed of the remainder of the samples.

Table 3. Test One NG Mass Balance.

NG Percent of
Estimates Mgs Moles Inlet
Totd NG into unit 589,603 2.597 100.00
Totd NG out 308,026 1.357 52.24
Equivdent NG as NOx out | 246,478 1.086 42
[Resdud NCondl sods L12.40820.001 1007720043 12.00°1.64

43 TEST TWO

The second test was conducted with areduced inlet feed concentration of 0.7 ppmv NG, and was
sheduled tolegt 10 hours while operating a areduced oven temperature. Thelamp temperature was
measured to be about 59 «C (138 %). Thedataare presented in Table 4. The performance of the
PPCU during Test Two was dramaticdly improved. Theaverage NG DRE for this test was 96%.
The plasticizer was detected in theinlet, and it was completely removed from the PPCU effluent.
The NOx levels generated during this test were slightly higher than the maximum possible
gaichiometric vaues. On average, the values were in line with the expected emission rates. At the
10-hour mark, the light emanating from Bank B was not dark green as it was during Test One. This
wastekento indicate an improvement in performance, and thetest was continued for the remainder
of theanneding cycle. No additiona samples weretaken until thefina 3 hours of operation. The
final datapoint was not used in the anady sis because it is obviously erroneous.
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In every case the outlet concentration was below the maximum dlowable NG emission limit
cdculated by the IHD environmenta office. This test showed that for low inlet concentrations,
photocataytic oxidation is an effective technology to abate NG emissions. It aso indicates that a
propaly szed and optimized PPCU could be used to mitigate the NG emissions from an annedliing

oven.

Theresdud NGinthe socks at the completion of the Test Two was not substantiadly lower than the
vadues measured for the Test One. Sock samples were taken from the ends and the middle of each
berk in an effort to determine whether NG was being preferentidly ddivered to the socks farthest
fromtheinlet. All the socks appeared to contain similar amounts of NG. No significant difference
was detected between the socks in Bank A and those in Bank B.

Table 4. Test Two Data.

Stack | Flow NG Inlet NG Outlet NG Nox Outlet Inlet DEP DEP
Sample Sample Sart Temp | Rate DRE | Concentration | Concentration | Concentration | Concentration DRE
Number Time (*F) acfm % ppmv ppmv ppmv ppmv %
2001 8/18/98 17:08 121 376 100% 0.070 0.000 0.120 0.000 -
2002 8/18/98 18:09 136 367 91% 0.208 0.019 0.749 0.034 100%
2003 8/18/98 19:26 140 369 90% 0.256 0.025 1814 0.071 100%
2004 8/18/98 20:00 141 369 91% 0.437 0.039 2.320 0.082 100%
2005 8/18/98 21:14 143 369 80% 0.471 0.094 1.323 0.088 100%
2006 8/18/98 22:06 144 369 100% 0.599 0.000 1.218 0.117 99%
2007 8/18/98 22:59 144 373 90% 0.731 0.077 1.494 0.155 100%
2008 8/19/98 0:03 143 355 100% 0.712 0.000 2.660 0.141 99%
2009 8/19/98 0:59 144 355 100% 0.559 0.000 2.239 0.150 100%
2010 8/19/98 2:01 144 362 91% 0.785 0.067 2.226 0.163 99%
2011 8/19/98 2:47 144 355 99% 0.907 0.009 1.874 0.203 98%
2012 8/19/98 14:03 147 355 100% 0.935 0.000 NA 0.192 100%
2013 8/19/98 14:43 148 362 100% 0.924 0.000 1.774 0.179 100%
2014 8/19/98 15:33 147 362 52% 0.920 0.440 1.667 0.181 52%
Average
(Starting at
Sample 2005) 144 362 96% 0.7359 0.0 1.85 0.1543 100%
Neglecting
2014
Max 148 373 100% 0.9348 0.1 2.66 0.2028 100%
Min 143 355 80% 0.4713 0.0 1.22 0.0822 98%
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The mass baance for Test Two accounted for 92% of the NG and is presented below in Table 5.

Table 5. Test Two NG Mass Balance.

NG Percent of |
Estimates Mgs Moles Inlet
Totd NG into unit 83,696 0.369 100.00
Totd NG out 3,312 0.015 3.96
Equivdent NG as NOx out | 66,354 0.292 79.28
Residud NG on dl socks 12,478-6,925 [ 0.055-0.031 14.8-8.3

44  TEST THREE

The fina test was designed to test the performance of the unit during aweek-long annedlingcycle
with an increased NG inlet concentration. The oven was charged with two carts of M k 93 rocket
motor grains, which contained AAG6 propdlant and had a NG content of 39% by weight. The
arbat tenperature was slightly above 10 °C (50 %) during this test, so no extraordinary measures
weretekento lower the lamp cooling air temperature. One new lamp was instaled in the unit. This
lamp hedathermocouple bonded to the lamp at its midpoint in an effort to more accurately monitor
the temperature. The lamp temperature during the test was measured to be 60 °C (140 F). NG
sarplesweaetaken every hour for thefirst 10 hours. Thereafter, sampling occurred only two times
per day. Thetest extended through aweekend, and no samples were collected during this period.

Thedatafrom Test Three are presented in Table 6 and the NG mass baanceis presented in Table
7. No NG could be detected entering the unit duringthefirst 23 hours. This was very perplexing
because theNG concentration was expected to be higher than during Test Two. The AA6 propelant
hed aninaeased NG content, the M k 93 grains had a surface area equivadent to the M k 22s, and the
anadingoven set point was increased by 10 degrees. NG was detected enteringthe unit later in the
test. These data were used to cdculate the average performance starting a sample 3010. The
average DRE was 94% taken over thelast 146 hours.

Themessbdancefor the same time period shows that even when NG was being detected, the PPCU
was unexplainably producing an excess of NOx . At the onset of thetest, the NOx emissions were
greater than expected and declined as the performance declined. The NOx values were determined
by averagng the NOx readingtaken at the start and end of the NG sampling. The maximum NOXx
emission should have been threetimes the NG inlet concentration based on stoichiometry. There
were no ather nitrogen-containing compounds in the waste stream except the stabilizer. It is unlikey
thet the stabilizer, 2-nitrodiphenylamine, has any appreciable effect on NOx emissions because of
its low concentration and its extremely low vapor pressure.

19



Table 6. Test Three Data.

Sack Flow Inlet NG Outlet NG Outlet Nox
Sample Sample Sart Temp Rate NG DRE Concentr ation Concentr ation Concentr ation
Number Time °F acfm % ppmv ppmv ppmv
3001 10/22/98 11:03 123 358 - ND ND 0.042
3002 10/22/98 12:00 140 366 - ND ND 2.264
3004 10/22/98 13:37 144 368 - ND ND 6.211
3005 10/22/98 14:03 145 371 - ND ND 7.232
3006 10/22/98 14:58 146 368 - ND ND 8.967
3007 10/22/98 15:57 146 368 - ND ND 6.769
3008 10/22/98 17:05 147 368 7% 0.062 0.016 7.549
3009 10/22/98 17:38 147 375 - ND 0.003 8.044
3010 10/22/98 18:36 147 368 - ND 0.001 8.639
3011 10/23/98 9:33 151 369 98% 0.748 0.017 11.516
3012 10/23/98 12:19 152 376 97% 0.820 0.022 11.036
3013 10/26/98 13:09 154 371 91% 0.836 0.079 13.664
3014 10/26/98 20:37 150 373 86% 0.499 0.070 9.502
3015 10/27/98 13:01 150 373 100% 0.530 ND 8.309
3016 10/27/98 20:45 148 369 78% 0.301 0.066 6.944
3017 10/28/98 14:57 151 372 100% 0.467 ND 8.538
3018 10/29/98 11:09 124 368 100% 0.204 ND 4491
Average
(starting at
sample 3011) 147 371 94% 0.55 0.051 9.250
Max 154 376 100% 0.84 0.079 13.664
Min 124 368 78% 0.20 0.017 4.491
Table 7. Test Three NG Mass Balance.
NG Percent of
Estimates Mgs Moles Inlet
Totd NG into unit 491,408 2.165 100
Totd NG out 4,688 0.021 1
Equivdent NG as NOx out 2,634,993 | 11.608 536
Residud NG on dl socks 1791 0.008 0
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45 INSPECTION OF CATALYST SOCKS

At theconduson of thetests, socks were sampled from the middle position of each bank and tested
for residual NG. NG was detected on every sock. No difference was measured between the socks
inthefirg benk,“ Bank A,” and the socks in the second bank, “Bank B.” The socks from both banks
were discolored at the conclusion of thetest (see Figure 6 on page 17). The socks in Bank B were
lighter in color than those of Bank A. A pleat caused the dark stresk on the sock taken from Bank
B by preventingillumination. A similar effect was also seen on thelower portion of each sock,
aarespondingto the entrance regon wherethereis no lamp. Thisillustrates that the changein color
was aphotocataytic effect rather than dueto filtration.

Inspection of the cataly st socks a the completion of the Test Threeresulted in several important
observations. There were stains on the outside of the socks, which had never been seen before.
Although the outsides of the socks were stained, the interiors of the socks were uniformin color.
Perhgps more importantly, the socks in Bank B of each module were not as discolored as in the
previous two tests. Infact, the socks in Bank B looked reusable as shown in Figure 6. Two socks
were sampled from each module for residuad NG measurements. The socks were taken from
opposite ends of the same bank. Theresidua NG measurements for Bank A showed aper sock
aoncentration of 52 and 9 mg. T he high concentration occurred a the end of the unit farthest from
theinlet. Bank B showed no difference between the positions, and each sock contained 26 mg of NG.

Therewasadistinct color difference between the Bank A socks of Tests One and Two, which were
eqpoxd to UV light for ashort time, and those of Test Three, which were exposed to the UV light
for 168hours Inthefirst two tests, the color was yellow, whereas in the last test the color was dark
brown. Inthefirst two tests, the dark discoloration corresponded to reduced performance but, in
Test Thregtheperformance did not seem to decrease. It is thought that the dark coloration was due
to degradation of the socks. The socks, dthough still intact, had suffered mechanical degradation.
Upon removal, the socks werevery dusty and could be essily torn by hand. The combination of
mechanica degradation and discoloration indicated that the socks could not be used continuously
for oneyear. Furthermore, to be surethat the contaminants are destroyed, it is recommended that
the socks be replaced after each run.

Thenonunfomdeposition of contaminants is clearly illustrated in the photographs in Figures 7 and
8 of theusd socksfrom Test Three. The stains located on the outside of the socks indicated the area
onwhichaontaminants were concentrated. Since the stains were not uniformly distributed dongthe
lengh of thesocks, it seems reasonable to conclude that the NG was not uniformly distributed aong
thelenghof the socks. Figure 8 dso clearly shows that thefirst 4 inches of the socks are adifferent
ador thenthe remainder of the sock. This area corresponded to the portion of the sock in which no
lamp extended and indicated an area of less photocataytic activity .
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Figure 7. Used Catalyst Socksin Bank A after Test Three.

Figure 8. Used Catalytic Socksin Bank B after Test Three.
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Whileindependently anay zing socks from thefirst test, FSEC reported adiscrepancy between the
detacethered by IHD using the sampling method and their data gathered using acomplete extraction
technique. FSEC reported avaue of 65 mg per sock compared to the IHD estimated residua NG
vaue of 275 mg per sock.

A sudy wasconduded during the Test Two to investigate this discrepancy. Inthe study, three used
socks weretestadusing the sampling method. The remainders of the three socks were then subjected
to a complete extraction. The estimated residua NG content obtained following the sampling
method was compared to the actud residua NG content on the entire sock. The study confirmed
that the sampling method overestimated the residuad NG by an average of 55%. All the vaues
gethered using the sampling method were corrected by reducing them by 55% to bring them closer
totheadud vadues. Theresidual NG concentration is presented as arange from the corrected to the
uncorected vaues. The samples taken for Test Three were subjected to acomplete extraction and
no rangeis reported.

46  CLEANING CYCLE

Toinvedtigete the feasibility of cleaning the socks of residua NG and other hard-to-oxidize species,
two epaimatswere conducted at the completion of Tests Oneand Two. After the socks required
for analy sis were removed and replaced with the corresponding socks from the other module, the
PPCU was dlowed to operate under ano-load condition. With the PPCU and the auxiliary fan on
and the oven stack cap removed, ambient air was passed through the PPCU without going through
theoven. Theunit was allowed to operate overnight and the times varied from 16 to 20 hours. At
the completion of the UV cleaning cycle, two socks were removed from one module and andy zed
for reddud NG. Inthecaseof Test One, theresidua NG was reduced to gpproximately 8 to 10 mg
per sock after 20 hours of UV cleaning. The cleaning cycle after Test Two reduced the estimated
NG pea sock from 109 to 9 mg. NG samplingwas not conducted during the sock cleaning runs, so
it is not known whether the NG was destroyed or merely desorbed into the air stream.

4.7 PERFORMANCE CONCLUSIONS

The performance of al threetestsis summarized in Table 8. Averages vaues were caculated for
the first two tests negectingthefirst 3 hours of operaion. Thistime period was selected because
the NG concentrations began to leve off at that point and it is generdly beieved that rocket motor
grains reach temperature equilibrium in that time. For Test Three, an average was calculated
negecting the first 22 hours of operation. Problems were encountered duringthis fina test, and a
steady stream of NG was not detected entering the PPCU until 22 hours had eapsed.

Table 8. Performance Summary.

IWWWWW Thiet NG conc. | Triet plasticizer Outlet NOX W
No. (h:min) | Temp. (°F) (scfm) (%) (ppmv) conc. (ppmv) conc. (ppmv) residual NG (g)

|| 1 9.44 165 414 43 9.6 ND 5.3 1/.4-96 |
(2 2240 144 32 % 0.74 0.15 18 12569 |
(=3 16526 147 328 ) 055 NT 925 18 |

The performance objectives were not met. It was concluded that the PPCU was not capable of
removing 9.6 ppmv of NG from aheeted air stream flowing at 416 scfm. The PPCU was ableto
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ahieve DREs of 96% or better when treatinga NG-contaminated air stream containing 0.74 ppmv
of NG and flowing a 360 scfm. The poor performance during high flow rate and high NG
conditions might have been dueto increased lamp temperature and/or reduced reaction sites caused
by non-uniform contaminant deposition and deposition of inert plasticizer co-contaminants.
Optimizetion and/or additiona cells could produce a PPCU capable of treatingthe NG effluent from
the annedling oven. However, the data gathered were inadequate to determine the precise cause of
the lower than expected performance or to predict the number of additiona cells required for an
optimized full-scale sy stem.

Intemsof operation and maintenance, the PPCU performed exactly as anticipated. No equipment
fallures were experienced during the demonstration. Onelamp change was performed, in minutes.
Changing one bank of cartridges took one-haf man-hour athough the operation was slightly dusty
and required the use of adust mask. Additionaly, goves were required to prevent contamination
of thequatz desve and the cataly st socks by body oils, which could reduce performance. Removing
usd catdys socks was alittle faster. Care was exercised because the socks were contaminated with
low levels of NG.

At the completion of each test the catay st socks had to be replaced, which substantialy increased
theprgeted opading cost. One 30-gdallon trash bag full of waste was generated per test. The socks
were burned a the IHD thermd treatment facility because they were contaminated with NG.

Duetothepoor performanceat IHD, the second demonstration at RAAP was cancelled. However,

aprdimnay hazards andy sis of the 650-scfm PPCU was conducted duringthe IHD demonstration
by pasonnd from RAAP. Thereport may befound in Appendix D of the ESTCP find report [14].
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5.0 COST ASSESSMENT

At its present level of performance, air-phase photocataytic oxidation is uneconomic compared to
dtendivetedrologes. Thefollowing cost anaysis shows the potentia of photocatalytic oxidation
and provides some measure of the future improvements needed to compete with other air trestment
tedndoges. The estimates are equivaent to aLeve | cost estimate as defined in the Environmenta
Cost Anaysis M ethodology (ECAM ) Handbook[13].

Thetotd cost of this demonstration project was $1.9 million. Table 9 breaks out each task and its
associated cost. Additional monies were contributed by the U.S. Army Corps of Engneers,
Congtrudion Engneering Research Laboratory ($440,000) and IHD ($80,000) to perform ahazards
anaysis of the 650 PPCU and to completethe project documentation. Thetotal cost of the 650
PPCU was $511,000. This does not include $200,000 that Trojan Technologes, Inc., discounted
from the fabrication cost.

Table 9. Project Funding Summary.

Cost ($1,000)

Task Subtotal Total

Process devel opment (50-scfim PPCU) 852

CEM deved opment and testing 100

Down-sdect (IHD) 140

Fabrication of 650 PPCU 511
PPCU design (FSEC) 268
Fabrication (FSEC/Trojan T echnol ogi es) 191
Spare catdyst socks (FSEC) 17
Documentation (FSEC/T rojan T echnologies) 35

650 PPCU demonstration 378
Demo plan 63
Instdlation 55
Testing 200
Andysis/report 60

Grand totd 1981

In an effort to generate a useful technology comparison, six different cost estimates are shown in
Taole 10. Thefirg three are for the PPCU and areintended to illustrate the cost of the current design
adthe potentid for improvement. Thelast three are for incineration and carbon adsorption. The
usHul lifetime of each sy stem was considered to be 10 years. Full details of each cost estimate may
be found in Appendix K of the ESTCP Find Report [14].

All the estimates are based on the design requirements for annealing oven MILCON project as
desibed in the demonstration plan [1]. The annedling oven is assumed to operate 351 days ayear,
24 hours per day. Thisis equivaent to 260 annedling oven cy cles processing 342,000 pounds of
propellant annually. The cost to treat NOx was not included in the estimate. Photocataytic
axcetion and incineration both produce NOx, the latter producing the greatest amount. Prior to the
demonstration it was determined that if stoichiometric amounts of NOx were produced from the
trestment of NG, no NOXx treatment would be required. 1f NOx treatment were required, the cost for
implementation would increase.
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Table 10. Cost Comparison for NG Treatments.

Total Cost per
Total annual Annual Annual Annual pound of
capital operating energy maintenance labor NG
Technology cost ($K) cost ($K) cost ($K) cost ($K) costs ($K) | removed ($)
PPCU 608 934.9 6.8 9 851.9 14,652
PPCU (Monthly catalyst|  gng 149.3 6.8 9 66.3 2,340
repl acement)
PPCU (ifit worked as
o néd) 608 1145 6.8 9 315 58
Catalyticincinerator 53.1 139.3 458 325 54.1 70
Thermal incinerator 39.9 1329 41.8 31.3 541 68
Carbon adsorber 321 96.1 15 6.3 83.6 49

All tethndogies were considered “ add-on” devices. Actua estimates from equipment vendors were
ussd toedimete the capita costs. (Thefirst three entries of Table 10 used the Trojan Technologes,
Inc. price estimate for a 650-scfm PPCU production unit, which would be lower than for the
prototy pe fabricated unit.) The EPA's Office of Air Qudity Planning and Sandards (OAQPS)
Contrd Cost Mauad [9] was used to generate a+/- 30% estimate of instalation and operating costs.
The labor rates used for the estimates were actua FY 99 stabilized rates. It is recommended to
egimeteunspecified material costs as 100% of thelabor rate[9]. This anadysis used one-quarter of
thegdhlized rate as this reflects the gpproximate portion that goes towards labor. No savage vdue
was assumed at the end of the equipment’s useful life.

The cost analysis used the equivaent uniform annual cash flow (EUAC) method to facilitate
compaisons baween the technologes. This method is recommended when comparing sy stems that
have different economic lives [9]. The tota annua operating cost or EUAC includes a capitd
reovery cost, which was calculated using apre-tax margna rate of 7%. Becausethis differs from
therecommended ECAM approach, theindividua components and thetota annual operating costs
are shown in Table 10. The difference between thetota annual operating cost and the sum of the
annua maintenance, annua operationa, and annua energy costs is the capital recovery cost.

Thetatd capitd cost of the PPCU is nearly six times greater than the other technologies. Thefirst
atry inTadel0 is the PPCU with performance equivadent to that of Test Two. It requires that the
catdys socks be changed after every anneding cycle. Using these conditions, it costs over $14,500
pe pounddf NG destroy ed to operate this technology. Thedrivers for this unacceptably high cost
arethe cost of catayst socks, the labor to change the socks, and the low performance of the unit.

The second scenario assumes the cataytic socks and/or the performance of the unit could be
improved sothat only monthly cataly st change-out would be necessary. For the same performance,
theaost per pound of NG destroy ed would decrease to $2,300 or 44 cents per pound of propellant
processed. This would be asignificant improvement that may be atainable through optimization.
Howeve, theanneding ovens can emit as much as 0.23 pounds of NG per hour, and the PPCU was
not effective under those conditions.

Thethirdssenaioillustrates what happens to the cost if the PPCU could perform as planned. In this
case, thePPCU would achieve a99% DRE and the catay st cartridge would be changed yearly. The
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cost to remove NG would be acompetitive $58 per pound of NG removed. However, eveniif the
PPCU were optimized, cataly st foulingwould likely prevent achievingthis level of performance.

Thepuposed this estimation exercise was to demonstrate the economic potentia of photocatalytic
oxidation. The annual energy costs and the annua maintenance costs for photocatalytic oxidation
are among the lowest listed in the table. Because of the limited possible configurations for
photocatadytic oxidation system, it is expected that dl equaly sized sy stems would have similar
Costs.

Thefouth and fifth entries in Table 5-11 areincinerators. Southeastern Engineering Sdes, Inc. (SES)
provided the equipment costs, which are significantly lower than for photocataytic oxidation.
Nether of the systems included aheat recovery system. Addingthis feature would reduce the fud
consumption and more than double the capitd equipment cost accordingto SES. The annud energy
aodsof both of these systems are similar and nearly an order of magnitude greater than the PPCU.
Thethermd incinerator has a DRE of 99%, while the catalytic incinerator has a DRE of 98%. Both
sy stems have been sized to trest a650-scfm air stream containing 12 ppmv of NG.

Fndly, cabonadsorption technology was estimated. The economics of this approach are appeding.
Thecgpita cost was supplied by the TIGG Corporation. This systemis composed of two carbon
vessdls, each capable of holding 1500 pounds of carbon and a blower. Two vesses are used to
provide continuous operation during carbon replacement. Carbon removd is estimated to occur 14
times per year. However, it isimportant to recal that this technology has been deemed unsafe for
vapar pheseNG gpplications. Additional engneering and extensive safety testingwould be required
beforeit could beimplemented in an explosive facility .
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6.0 |IMPLEMENTATION I SSUES
6.1 PERFORMANCE OBSERVATIONS

Two hundredhours of testing and over 250 hours of operation showed that photocataytic oxidation
warks, but not a an acceptable performancelevel. The PPCU could not effectively treat 10 ppmv
of NGad lesser anounts of inert plasticizers in awaste stream flowing at 650 scfm. However, he
PPCU was able to maintan DREs of 96% or geater when chalenged with low NG inlet
concentrations (0.7 ppmv or less) and operated a half the design flow rate (324 scfm). Thiswas
bdow eqedations and did not meet the performance requirements for usein the M ILCON project.
Phatoctdyss is not an economica solution to the Navy's problem in its current configuration. The
technology has potentia gpplications assuming the unit can be optimized and the catay st life can
be extended.

A water scrubber/agueous phase photocatalytic oxidation sy stem has been selected over ar phase
phatocatdytic oxidation for use in the new M ILCON facility at Indian Head. The proposed sy stem
consists of 18 individua scrubbers (each equipped with aheating and ar handling unit), a centrd
holding tank, a water chiller, an acid distillation column, and two agueous phase photocataytic
axdeion systems. NG will be scrubbed out of the stack gas using acidic water. Thewater will be
collected in the holding tank and distributed to theindividual systems so that cool, clean water is
rery cled through the scrubber. Excess nitric acid, produced by the photocataytic reaction, will be
removed using the distillation column. Thedesignis not finaized so operating dataand costs are
not avalable. However, thetotal direct cost is not expected to exceed $2.5 million.

The effect of inert plasticizers on the destruction of NG was not determined. No inert plasticizer
oould bedaeted during the first test dthough it was detected on the used socks. During the second
test (reduced NG loading), plasticizer was detected and the unit performed acceptably .

When theunit was performing acceptably, the NOXx gases were generated a or above stoichiometric
levels. However, the increase in NOx shown in the mass balance obtained for Test Three was
puzzling M aximum NOXx emissions should be expected.

Thegpeaion and maintenance of the unit excluding cataly st replacement were very low and in line
with predictions. The unit was easy to operate and had no problems operating intermittently. No
maintenance was required on the PPCU during this demonstration. Based on theresults of Test
Two, it is clear that a sy stem containing more modules would be ableto removethe NG. Thedata
adleded during the demonstration were inadequate to predict the required number modules. M ore
testingwould be required to develop this correation.

ThePPCU did not achieve the theoretica DRE predictions. M oddling predicted performance based
on gptimum lamp operating conditions and uniform distribution of contaminants in each cell, which
did not appear to have occurred during the demonstration. IHD believes that an improved lamp
cooling system and better flow distribution would increase the performance of the unit but the
magnitude of the improvements is unknown. FSEC bdieves that its new “decoupled” cartridge
design could achieve the required performance increase necessary to meet Navy needs. The
enhanced cartridge is described in the FSEC find report [2] and on the FSEC web site,
http://www.fsec.ucf.edu/Env/DET OX/Reactor _new.htm.
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FSEC states that inert plasticizers that do not readily desorb from the catdyst diminate the
deoupling effect [2]. Thus, it seems unlikely that this enhancement aone would solve the Navy's
problem. The answer seems to be more cataytic surface areaor amore active catay st or both.

Thepraoblem with adding additional surface areato the PPCU isthat it requires additiona modules.
The housings of the modules are expensive and adding them rapidly increases the cepita cost and,
moresgificatly, thefoot print. Zentox Corporation beieves that the only solution is to ensure, by
using alarge cataytic surface areg, that the catdyst surface never becomes overwhelmed. The
Zatox resttor has many features that seem to solve the problems encountered with the PPCU. The
aooling design is simple and effective, the catay st is deposited on corrugated fibergass panels that
artan avery large catalytic surface area, the reactor is designed to provide uniform through flow,
and it accomplishes dl of this with asmall foot print. Based on the demonstration results, Zentox
Corporation indicated that it could provide a sy stem capable of removing 98% of the NG from a
waste stream containing 12 ppmv for $400,000. This cost estimateis provided in Appendix K of
the EST CP find report [14].

6.2 COST OBSERVATIONS

The problems with photocataytic oxidation are low performance, high capitd cost, and cataly st
fouling. Improving performance by adding more cells would increase both capita and operating
costs. New catalyst socks would still berequired prior to each annedingcycle. Therefore, until
some method can be devised to keep the catalyst surface clean, this technology will strugde to
compete. |If an effective solution to the catay st fouling could be developed, then the high cepitd
cost would not be such aburden.

Photocataytic oxidation aso seems to be limited to dilute concentrations and low flows. The
technology does not become more cost-effective as contaminant concentration increases, unlike
aonvationa treatment technologes such as incineration. The range of usefulness varies depending
on the contaminant. FSEC has stated that for moderate activity organic compounds, full
phatocatdytic oxdation is possibleif the tota concentration of organics times the reactor throughput
isless than or equal to 100 ppmv scfm. Thelimiting factor is the need to illuminate the surface of
thecatdy st. As the mass of contaminants increases, so does the size and complexity of the reactor.

6.3 OTHERSIGNIFICANT OBSERVATIONS

Currently, there isno way to predict how the cataly st will react to small changes in waste stream
composition. Catdyst fouling must be avoided for this technology to be economicd. The
limtationsthat feed stream composition imposes on the flexibility of the process must be evauated
prior to instalation.

It wassuspected that the use of cotton as asubstrate for the catdy st is partialy responsible for the
limited catalyst life. Although using a materia such as fibergass would not improved the
performance of the unit, it would eiminate the mechanical degradation which occurred in Test
Three. In that case, a cleaning cycle, which was demonstrated effective, could be employed to
possibly extend the catayst life.
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Usad ctdy s sodksgnerated unexpected hazardous waste. NG was detected in every used sock that
was sampled, indicating that used catay st socks might need to be disposed of as hazardous waste.
Duingthedemonstration the used socks were burned at the IHD thermal treatment point as if they
waerags contaminated with propelant. No attempt was made to determine the maximum level of
NG contamination acceptable for landfill disposd. It was clear, even in light of the problems
encountered duringthe sock anaysis that NG was being destroy ed in significant quantities and not
merely being collected on the catay st socks.

Mad of thelimited number of vendors of photocataytic oxidation technology are smal companies
that are unable to absorb the cost of testing Even if thetestingis provided a no cost up front,
current pricing seems to indicatethat it is recouped in the sde price.

6.4 REGULATORY AND OTHER ISSUES

Mayland Department of the Environment (M DE) continues to receive yearly reports of IHD NG
emissions and efforts to abate them. Besides M DE, there has been no interaction with any other
regulators.

6.5 LESSONS LEARNED

1 The importance of fully characterizing the waste stream to be treasted cannot be stressed
enough. If athorough and complete characterization had been performed prior to beginning
the design, perhaps more time could have been spent evauating the effects of inert
plasticizers on the destruction of NG to achieve higher performance during the
demonstration.

2. Seemindy insignificant contaminants can have a tremendous effect on performance and
eoonomics. A contaminant (as is the case for ethanol) could have a sy nergstic effect on the
destruction of thetarget compound and removingit could decrease reactor performance.

3. If possible, conduct the demonstration on the actual waste stream that is goingto betreated
a thefacility whereit is goingto beinstaled. The challenges that had to be overcome were
not conpletdy understood until testing the PPCU began on actua annedling oven emissions.
A large portion of time and funding was expended developing, planning, and performing
small-scaetests a FSEC using ethanol, acetone, and NG.

4, Phatoctdy tic oxidation reactor designs should include LPM Ls, which were found to bethe
best type of lamp. They aresmdl, they last alongtime without asignificant reduction in
output, and they do not generate a lot of heat. They have a rdatively high
electrica-to-photon conversion efficiency, nearly doublethat of ablack light, although the
rdative output of a LPM L is reduced by approximately 50% above 75 °C (167 F). They are
inexpensive and readily available in standard sizes. Although the energy density of
medium-pressure mercury lamps (M PM Ls) is very appeding, they are too hot and too
intense. Photocataytic activity is adversely affected by high intensity. Also, therdative
output of M PM Ls drops off significantly duringthe first month.
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6.6 SCALEUP

Additiond testing would be required to be able to predict the cost of scaingthe FSEC designto
medt the need of the new Navy M ILCON anneding oven. Thereduced performancethat occurred
as a result of poor lamp cooling and non-uniform contaminant distribution might be overcome
through design optimization. The reduced performance that occurred as aresult of inert plasticizer
can only be addressed by increasing the number of modules. Currently, the only way to implement
this technology on alarge scae would beto build and test afull-scae prototy pe.
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